The aim of this research was to analyze the morphological features of Sabellaria alveolata reefs and the associated polychaete fauna in three different coastal areas of the Tyrrhenian Sea (Mediterranean Sea, Italy). We assessed the relationship between the physical structure of the reefs and the associated fauna. We also investigated possible connections between polychaete assemblage structure and reef development on spatial and temporal scales. Reefs were morphologically described, and the polychaete assemblages were studied using community indices, as well as multivariate and univariate statistics. Three different reef states were described, linked to their respective phase of development. The structure of the associated polychaete assemblages differed according to the relevant reef's phase of development. Species richness was high in reefs in destruction phase, while it decreased in recovering reefs.
Introduction
Sabellaria alveolata is a gregarious polychaete species that uses sand to build its tube, which is characterized by a "sand crown." These tubes develop communally into biogenic structures that may reach several kilometers in length (Pawlik 1988) . These bioconstructions provide a habitat for benthic vertebrates and invertebrates (Bianchi 2001; Done 1995; Gruet 1982) . S. alveolata reefs are usually found intertidally, and sometimes subtidally (Gruet 1982) . Sabellariid reefs have been studied on the coast of South America (Lana & Bremec 1994) , Brazil (Lana & Gruet 1989) , India (Achary 1969) , the coasts of Great Britain and Ireland (Mettam 1992; Bamber & Irving 1997) , Portugal (Dias & Paula 2001) , and the northern coast of France (Volvelle 1963; Gruet & Bouder 1997; Dubois et al. 2006) . S. alveolata has been also studied in the Mediterranean Sea on the French coast (Bellan 1964) , Spain (Porras et al. 1996) , and Italy (Sparla et al. 1992; Gambi et al. 1996; La Porta et al. 2006) . S. alveolata reefs occur in two forms (Dubois et al. 2002) . Some reefs are built as structures adhering to rocks, and are very common at the mid-level of the intertidal zone. The second are reefs spread over several acres on sand flats in the low intertidal zone (Gruet 1982) . Reefs are ball-shaped and can evolve to form platforms or barrier structures with varying sizes of extensions on the sandy beach (Gruet 1982) . According to Gruet (1986) , the reef's development can be summarized in four different periods: (1) primary settlement phase, (2) growth phase, (3) stagnation phase, and (4) destruction phase. The morphological features of S. alveolata reefs (reef compactness, tube orientation, percentage of tubes with "sand crown," the presence/absence of epibionts and the status of the reef surface) change according to the phases (Gruet 1970 (Gruet , 1986 . Differences in the reef's structure and morphology are mainly due to both the its current phase and environmental conditions. The phase is the result of a constantly disturbed and precarious balance between biological and physical factors. Hydrodynamic forces, temperature, and local environmental conditions, such as seabed topography and water clarity are the main physical factors that may positively or negatively affect the structural development of the reef (Gruet 1982 (Gruet , 1986 Porras et al. 1995) . The main biological factor is the reproduction and recruitment mechanism of the pelagic larvae of S. alveolata (Gruet 1982) . Human disturbance (e.g., fishing activities and trampling) contributes to changes in reef surface topography (Dauvin 1997; Dubois et al. 2002) . In particular, human activity can damage the reef's first few centimeters. This damage contributes to an increase in the development of openings and free microenvironments, normally due to both a decrease in the number of S. alveolata individuals and to the surface features of the eroded reef (Dias & Paula 2001) .
In the present paper, the morphological features of Sabellaria alveolata reefs and the associated polychaete fauna were temporally analyzed in three coastal areas of the Tyrrhenian Sea (Italy) with different environmental conditions, with the aim of: (1) assessing the relationship between the physical structure of the reefs and the associated fauna, and (2) investigating possible connections, on spatial and temporal scales, between the polychaetes, which are usually the dominant taxon (Dubois et al. 2002 (Dubois et al. , 2006 and reef development, in order to define different assemblages.
Materials and methods
Study area. The Sabellaria alveolata reefs were located in three different coastal areas of the Tyrrhenian Sea (Mediterranean Sea, Italy): (1) Punta della Quaglia, in the northern part, (2) Tor Caldara in the central portion, and (3) Torre Paola in the southern part, close to the Capo Circeo promontory (Fig. 1) . These areas are characterized by different environmental conditions, mainly in terms of water turbidity and hydrodynamic forces. The Tyrrhenian Sea is characterized by a narrow tidal range. The three reefs had different morphologies, but all were situated on sandy bottoms between the intertidal and subtidal zones and were independent from the rock. The reef chosen in the Punta della Quaglia (PQ) area was a platform reef situated inside a crenulated bay, at a depth of 1.5 m. Water turbidity was high, both because of low hydrodynamic force, and because of the presence of surrounding rivers (Fig. 1) . The reef of Tor Caldara (TC) was a ball-shaped structure located at a depth of 1 m. The shoreward side of this reef was more exposed to wave action than the PQ reef. The reef of Torre Paola (TP) was also a ball-shaped structure, larger than those found at TC. The reef's depth was 2.5 m. The TP coastal area is the most exposed to wave action among those analyzed in this study.
Field and laboratory procedures. Sampling was carried out in three different periods (Table 1) (Gruet 1982) . Samples were preserved in a 70% alcohol solution. In the laboratory, S. alveolata blocks were morphologically described according to the following features: percentage (%) of tubes with a "sand crown," status of the surface (eroded and with openings/crevices), presence/absence of epibionts, block compactness, and tube orientation (Gruet 1970 (Gruet , 1982 . A semi-quantitative code was used to describe both eroded portions and portions with openings/crevices, + isolated portions (5-10% of block surface), ++ reduced portions (11-30%), +++ wide portions (31-80%). The tubes were then dismantled in water. The polychaetes retained on a 500 μ m mesh were sorted, identified by the authors, and counted.
Data analysis. Polychaete assemblages were studied using the following community indices: total number of species (S), total abundance (N), Margalef species richness (d), Shannon-Wiener diversity (H′) and Pielou's evenness (J′) (Clarke & Warwick 1994) . These indices were compared by means of a 1-way ANOVA, at a 99% confidence level, which uses stations and sampling periods as factors. Significant factors were further analyzed using Tukey's test set at the 5% significance level. Before calculating the ANOVA, homogeneity of variances was examined. To test the relationship between polychaete abundance and the stations, correspondence analysis (CA) was performed using a matrix of species and stations. Moreover, the contribution to Chi-square (χ 2 ) and the differences between expected and observed values were analyzed, because the simple distance between row and column factors is not sufficient to justify associations between points. Species represented by only a single individual were excluded from this analysis. 
Results
The PQ samples showed an increase over time in the percentage of tubes with a "sand crown" (0-40%), while the blocks' surface showed a decrease in both the eroded portions and in portions with openings and crevices. Moreover, an improvement of block compactness and a modification of tube orientation (from chaotic to parallel) were observed in PQ2 and PQ3, where epibionts were recorded (e.g., sponges, serpulids, and incrusting algae). All TC samples were characterized by a high percentage of tubes with a "sand crown" (70-90%); the entire surface of the blocks presented no erosion or openings. Samples were very compact, and the tubes showed a consistently parallel orientation. Green algae and serpulids partially covered the surface of the TC1 sample. The TP blocks showed similar conditions over time. Tubes with "sand crown" were 50-70%. The surface did not show any openings and eroded portions, and compactness of the blocks increased over time.
Tubes had a parallel orientation. Finally, epibionts were abundant in TP2 and TP3 and consisted of small mussels and tubes of serpulids (Table 2) . A total of 9,462 polychaetes belonging to 64 taxa and 39 species were identified from the nine samples (Table 3 ). The PQ reef presented the highest number of polychaete species (14-21); TP had 8-12, and TC had the lowest number, with 3-7 species (Fig. 2B) . Regardless of the state of the reef, S. alveolata (total number 7,510) was the consistently dominant species, with 1,164 specimens collected at PQ, 1,871 at TC and 4,475 at TP (Fig. 2A) . The ratio between the individual percentages of S. alveolata and the other species revealed both intra-and inter-area diversities, showing different patterns in each area (Fig. 3) . The number of species at PQ decreased over time (Fig. 2B ) and the polychaete assemblages differed qualitatively in time. The PQ area was characterized by several species, which were preferentially or exclusively sampled on this site. We found species that usually occur on hard or muddy/sandy substrates (such as Perinereis cultrifera and Ceratonereis costae), species that have a high tolerance to salinity variations (such as Hediste diversicolor), and others that generally occur in ports and lagoons with low hydrodynamic conditions (such as Vermiliopsis striaticeps). Moreover, the PQ1 sample presented the highest numbers of Sabellaria spinulosa, another sabellariid species that lives in sandy tubes and builds up small bioconstructions, and which frequently coexists with S. alveolata reefs. The number of species in the TC area decreased over time (Fig. 2B) . The most abundant associated polychaetes were Nereis falsa and Eulalia viridis, both of which usually occur in shallow water and on hard substrates. The family Syllidae, which was generally very abundant in the other areas, was not abundant in the TC area. The number of species collected in the TP area was intermediate when compared with the values for the other areas (Fig.  2B) . The composition of TP polychaete assemblages changed in terms of both quality and abundance Sample  PQ1  PQ2  PQ3  TC1  TC2  TC3  TP1  TP2  TP3 Tubes with "sand crown" ( %) 0 3 0 4 0 7 0 9 0 9 0 5 0 5 0 7 0 Status of block surface: ( Fig. 2A) during the sampling period. Among the species recorded, Hydroides pseudouncinatus and H. elegans (a pioneering and opportunistic species) were found exclusively in this area. Of all areas analyzed, TP1 was characterized by the highest number of syllids, which drastically decreased in the subsequent TP samples. Eulalia viridis occurred in all the TP samples and was the dominant species (95 individuals) in TP3. Community indices are shown in Fig. 2C -E. Only the species richness index (d) showed significant differences between stations (F 2;6 = 12.62248, P< 0.01) and the Tukey test indicated that the PQ polychaete assemblage differed from that of TC. Within the CA ordination plot, Dimension 1 (64.52% of inertia) is related to the S. alveolata abundance gradient, and Dimension 2 (19.39% of inertia) is related to the turbidity tolerance gradient (Fig. 4) . In general, the CA analysis confirms the development processes of the three reefs. Concerning Dimension 1, species that usually live in superficial and muddy/sandy substrates and show a high turbidity tolerance such as S. spinulosa, Polyophthalmus pictus, P. cultrifera, Ceratonereis costae, H. diversicolor, and V. striaticeps are 
Serpula vermicularis Linnaeus, 1767 Lumbrineridae
Vermiliopsis striaticeps (Grube, 1862) Lumbrineris gracilis (Ehlers, 1868) linked to PQ1. Relating to Dimension 2, species such as Arabella iricolor, H. elegans, Scoletoma funchalensis, Notomastus lineatus, and the family Syllidae are linked to TP1 and became extremely abundant when the density of S. alveolata decreased.
Discussion
The general morphological features, together with the high species richness (the highest in the areas analyzed) and the low abundance of S. alveolata recorded in the PQ reef, could be related to the destruction phase of the reef (Gruet 1986 ). The structure and species composition of polychaete assemblages could be explained by several factors, such as habitat fragmentation associated with changes in surface topography. High tourist pressure characterized this area during the summer period and could partially have damaged the reef. Furthermore, the PQ reef was situated inside a crenulated bay, where the detached breakwaters partially minimize the hydrodynamic effects and increase water turbidity caused by the flow of the surrounding rivers. The high sedimentation rate represents one of the main causes of burial of the S. alveolata reef (Gruet 1982; Porras et al. 1995) and in this case it may have contributed to triggering the reef's destruction phase. Results also showed a morphological improvement of the reef's state and a gradual decrease in species richness over time. These conditions could be related to the beginning of a positive development of the reef. Concerning the TC reef, the good morphological conditions recorded in all samples, the lowest species richness of all areas studied, and the high number of S. alveolata specimens classify this reef in the growth phase (Gruet 1971 (Gruet , 1986 . S. alveolata occupied most of the living space, and the reef structure (without openings, crevices, or eroded portions) allowed the settlement of a small number of species. Moreover, because of its filtering activities, S. alveolata could be an important consumer of newly settling larvae (Andrè et al. 1993) , which would contribute to the low species richness. The polychaete assemblage, which was significantly different from PQ, reflected the reef phase. In fact, among the few species collected, Nereis falsa and Eulalia viridis (the most abundant species in the area) and the low number of syllids (the lowest of all areas) are typically found in the reef growth phase (Gruet 1982) . A high percentage of S. alveolata typically occurs in reefs situated on the most exposed shore, because wave action supplies material for tube construction, food, and removal of excrements (Dias & Paula 2001) . The TC area is located along a more exposed shore than PQ, and here the hydrodynamic regime represented the main factor influencing the reef development. Nevertheless, strong wave action could also damage or even destroy the reefs (Gruet 1982; Dias & Paula 2001) . In fact, following adverse marine conditions that occurred over the spring-summer period of the year 2000 (La Porta pers. obs.), TC2 presented a drastic decrease in the individual number of S. alveolata.
The morphological analysis of TP samples highlighted a positive developmental trend of the reef state over time. The improvement of the reef's condition was also confirmed by the exponential increase in S. alveolata abundance, and by the qualitative and quantitative changes in the polychaete assemblage over time. Hydrodynamic force was the main factor influencing reef recovery in this area. The presence and abundance of polychaetes such as Eulalia viridis, Nereis falsa, and Syllidae were comparable with those recorded in the TC reef, suggesting a similar condition between the two respective assemblages. At the same time, similarities in species composition were observed between PQ and TP assemblages. Since the assemblage structure of TP was equally comparable with the others analyzed, it was possible to classify this reef as in an phase intermediate between the destruction and the growth phases.
Altogether, the results led to the identification of different developmental phases of Sabellaria alveolata reefs, and in particular, this study confirms the relationship between the morphological reef state, the structure of the polychaete assemblage associated with the reef, and the local environmental conditions. Moreover, this study highlights the importance of this species as an ecosystem engineer whose reef structures increase the complexity of both the soft-bottom environments and the biodiversity of the associated fauna (Bianchi 2001) . This research has also increased the knowledge of these particular bioconstructions, widely distributed in the Mediterranean Sea but very little studied so far.
